• High concentrations of 4-6 ring PAHs were reported in the atmosphere of Kathmandu.
H I G H L I G H T S
• High concentrations of 4-6 ring PAHs were reported in the atmosphere of Kathmandu.
• PAH concentrations in non-monsoon season were higher than those in monsoon season.
• PAH ratios indicated that diesel and biomass fuels were main emission sources.
• Toxic equivalent concentration of PAHs was 26 times higher than the WHO guideline.
G R A P H I C A L A B S T R A C T a b s t r a c t a r t i c l e i n f o

Introduction
Polycyclic aromatic hydrocarbons (PAHs), a large group of organic compounds with two or more aromatic rings, are generated through incomplete combustion of organic materials such as coal, oil, gas, waste and biomass (Nielsen et al., 1996; Singh et al., 2013; Zhang and Tao, 2009) . Such compounds pose serious health concerns in both developed and developing countries because of their carcinogenic, mutagenic and teratogenic properties (Bhargava et al., 2004) . In general, PAHs exist in the atmosphere in both gas and particle phases (Wang et al., 2013) and are hazardous to humans when inhaled (Gong et al., 2011; Sharma et al., 2007) . Certain PAHs and their ratios have been used as markers for determining their various contributing sources (Kulkarni and Venkataraman, 2000; Liu et al., 2013; Rajput and Lakhani, 2009) . Because PAHs are persistent in the atmosphere, they can be transported over long distances, even to remote areas such as the Arctic and the Himalayas (Crimmins et al., 2004; Ding et al., 2007) .
The region encompassing the Himalayan Mountains and their foothills is one of the least scientifically studied regions in the world regarding the emissions, concentrations, transport, transformation, removal, and effects of various air pollutants, including PAHs. Anthropogenic emissions within the mountain region are not major compared with those in the upwind adjacent regions of South Asia such as the populous, rapidly developing, and highly polluted Indo-Gangetic Plain (IGP), which is a major regional or global source of organic pollutants in the atmosphere (Singh et al., 2013; Zhang and Tao, 2009 ). For example, Delhi and Kanpur, two large cities in the IGP, exhibited extremely high PAH concentrations, with annual mean values of the sum of several PAHs being 850 and 660 ng/m 3 , respectively (Masih et al., 2010; NEERI, 2006) . Asian monsoon circulation and westerly winds distribute and transport anthropogenic and natural air pollutants in the Himalayan region (Ming et al., 2008) . The unique meteorological characteristics of the region, including a long (NovemberMay) dry season, are conducive to the accumulation of air pollutants, notably on the southern flank of the Himalayan Mountains (Ramanathan et al., 2007) . Therefore, the anthropogenic emissions of various pollutants, including PAHs, upwind of and within the Himalayan region are a threat to both public health and local ecosystems. However, the basic information available on the characteristics of atmospheric PAHs in this region (sources, types, emissions, concentrations, and fate) remains limited.
The Kathmandu Valley, in which the capital city of Nepal, Kathmandu, is located, is the largest metropolitan area in the Himalayan foothills (Fig. 1) , and is characterized by rapid but uncontrolled urban growth (Panday and Prinn, 2009; Sharma, 1997; Shrestha and Malla, 1996) . The Kathmandu Valley is shaped like a circular bowl with a 630 km 2 watershed and 340-km 2 flat floors at approximately 1300 m above mean sea level surrounded by a rim of hills 500-3000 m above the valley floor. The valley comprises nearly 3.5 million residents and has a severe air pollution problem (Aryal et al., 2008; Kando et al., 2005; Gurung and Bell, 2013) . Only one study examined ambient PAHs in this region, and it reported extremely high total PAH concentrations (640 ng/m 3 ) in Kathmandu in winter (Kishida et al., 2009 ). The present study presents results of year-long measurement of 15 priority particle phase PAHs in the Kathmandu Valley. To our knowledge, this is the first report of the seasonal characteristics of ambient particle-bound PAH concentrations in the Kathmandu Valley and the surrounding broader Himalayan foothills. The main objectives of this study were to: (1) investigate the total suspended particle (TSP) and PAH concentrations in the atmosphere of Kathmandu and compare the data with those in other regions, (2) assess the seasonal variations of TSP and PAH concentrations and identify the sources of these pollutants, and (3) assess the health risk that PAH exposure imposes on the local residents.
Sampling and analysis
2.1. Sampling site and TSP sample collection TSP sampling was conducted at Bode (27.69°N, 85.40°E) in Bhaktapur, which is located at nearly the center of the Kathmandu Valley. The measurement site is in a mixed agricultural-residential area. Approximately 10 highly polluting brick kilns are located within a 2-km radius of the site, and are in operation from January to April every year. The wind direction through the valley is usually southwesterly or westerly, with relatively low speeds in the range of 0.5-7.5 m/s (Giri et al., 2006; Shrestha and Aryal, 2011) . Therefore, the site receives urban air pollution from three major cities in the valley, namely Kathmandu, Lalitpur, and Bhaktapur, located to the west, southwest, and southeast of the site, respectively. It also receives regional air masses mainly from the south. South Asian monsoon circulations influence the weather in Nepal, which is characterized by four distinct seasons: winter (December-February), pre-monsoon (MarchMay), monsoon (June-September), and post-monsoon (October-November) seasons (Bonasoni et al., 2010) . The summer monsoon season is hot, humid, and rainy, with nearly 80% of the annual precipitation of 1400 mm occurring in 4 months (Giri et al., 2006) . The post-monsoon season is warm and sunny. The winter and pre-monsoon seasons are relatively dry with only a few rain events caused by westerly weather systems. The ambient air temperature in the Kathmandu Valley may reach 35°C in summer (monsoon season), whereas that in winter (from December to January) is approximately 0°C.
For sampling, a TSP filter sampler was placed on the rooftop (15 m above ground) of a residential building. Fifty TSP samples were collected on pre-baked quartz fiber filters (90-mm diameter, Whatman plc, Maidstone, UK) by using a filter sampler fitted with a TSP cyclone (flow rate: 100 L/min, KC-120H: Qingdao Laoshan Applied Technology Institute, Qingdao City, China). Each sample was collected for 24 h every 8 days to avoid the weekend effect. Field blank filters were placed in the sampler without air being drawn through it. The quartz fiber filters were pre-treated by baking them at 550°C for at least 6 h to reduce residual organic matter. The pre-and post-sampling weights of all quartz filters were determined using a microbalance after it was equilibrated at a constant temperature and humidity (20°C, 39%) for at least 24 h. The samples were stored at 4°C before extraction and chemical analysis. The volume of air passing through each filter was converted into standard atmospheric conditions (25°C, 1000 mb) by using the atmospheric pressure and ambient temperature monitored at the site. et al. (2013) detailed the procedure used for extracting and analyzing TSP filter samples. This paper briefly describes the method. A quarter of each filter was cut into pieces, placed in a glass tube, and immersed in 20 mL of dichloromethane (DCM) and n-hexane (1:1). Extraction was conducted by applying a sonication process twice at 27°C for 30 min. Every sample was spiked with deuterated PAHs (naphthalene-d8, acenaphthene-d10, phenanthrene-d10, chrysened12, and perylene-d12) as recovery surrogates. The extracts were evaporated to approximately 0.5 mL by using a rotary evaporator and were transferred to a multilayer column filled with 2 g of activated silica gel, 4 g of neutral alumina, and 1 cm of anhydrous Na 2 SO 4 (pre-soaked in nhexane). Subsequently, the column was eluted using a mixture of 10 mL of n-hexane and 20 mL of DCM/n-hexane (1:1). The eluent solvent was blown down to a final volume of 1 mL under a gentle stream of nitrogen. Finally, the solution was transferred to a 1.5-mL vial and stored at −20°C for rejection.
Extraction and analysis
Wang
The PAHs were analyzed at the State Key Laboratory of Cryospheric Sciences, Cold and Arid Regions Environmental and Engineering Research Institute in China by using gas chromatography-mass spectrometry with a 30 × 250-μm ID HP-5MS capillary column according to a method described by Gong et al. (2011) . High-purity helium was used as a carrier gas at a constant flow rate of 1.0 mL/min. The mass spectrometer was operated in 70-eV electron impact mode. The oven temperature was 100°C, which was maintained for 2 min. subsequently, it was increased to the final temperature of 260°C at various rates; specifically, it was increased to 170°C at 25°C/min, 225°C at 8°C/min, 235°C at 0.7°C/min, and 260°C at 25°C/min, and finally maintained at 260°C for 2 min. The temperature of the injector was 250°C and that of the transfer line was 280°C. Samples were analyzed for the 15 PAHs listed by the U.S. Environmental Protection Agency as prior- 
Quality control
All analytical procedures were conducted using strict quality assurance and control measures. Laboratory blanks for air samples were included at a rate of one for every five samples and were treated in exactly the same manner as the samples. The field blanks for the air samples were extracted and analyzed using the same method used for the samples. Method detection limits (MDLs) were derived as 3 times the standard deviation of the mean blank concentrations. However, most of the PAHs, apart from Nap were not detected in the laboratory and field blanks, indicating that the contamination of most PAHs was negligible during transportation, storage, and analysis. Therefore, we did not analyze the Nap component. The detection limits were 0.84 (Acel), 0.59 (Ace), 0.70 (Phe), 0.39 (Ant), 0.06 (Flu, Fla, Bbf, DahA, and BghiP) and 0.03 pg/m 3 (Pyr, BaA, Chr, Bkf, BaP, and IndP). The recoveries in the field samples were 75-108%, 82-112%, 83-114%, 88-126%, and 89-123% for naphthalene-d8, acenaphthene-d10, phenanthrene-d10, chrysene-d12, and perylene-d12 as inferred standards, respectively. The PAH concentrations were blank corrected but not corrected for the recoveries.
Gas/particle partitioning estimation
Octanol-air partition coefficient (K OA )-based model has been proved applicable to estimate the gas-particle partitioning of PAHs (Ma et al., 2011; Wang et al., 2011) . The temperature-dependent K OA values can be measured directly using the GC retention time method with an equation as Eq. (1) (Harner and Bidleman, 1996) : The regression parameters (A and B) (Table SI-1) were given by and . The difference of K OA values of PAHs among four seasons were calculated by adjusting the equations to the average ambient temperature (Pre-monsoon: 20°C, Monsoon: 24°C, Post-monsoon: 18°C, and Winter: 11°C). Then the gas-particle partition coefficient (K P ) can be predicted by Eq. (2) if the organic matter fraction fom of the aerosols are known and assuming that all of the particle organic matter is available to absorb gas-phase compounds.
In this study, the average organic carbon concentrations were 63.1, 15.3, 31.8, and 66.8 μg/m 3 for these four seasons in aerosols of sampling site. Transformation of these values into organic matter leads to 24%, 18%, 20%, and 24%, respectively. Finally, we can estimate the gas phase PAHs using Eq. (3):
where C p and C g are the PAH concentrations in the particle and gas phases, respectively, and C TSP is the concentration of TSP in the air.
Toxic equivalent quantity estimation
The toxic equivalent quantity (TEQ) was assessed using the toxic equivalency factors (TEFs) provided by Nisbet and LaGoy (1992) . As shown in Table 3 , the TEQ in different seasons was calculated using the following formula:
where Ci is the concentration of an individual PAH, TEFi is the toxic equivalent factor, and TEQ is the toxic equivalent of the reference compound. Table 1 shows a summary of the ambient TSP and PAH concentrations. During the study period, the annual average TSP and PAH concentrations were similar to those reported in numerous other Asian cities, such as Delhi (Sarkar and Khillare, 2013) and Agra (Rajput and Lakhani, 2010) in India and Beijing in China (Okuda et al., 2006) , but were significantly higher than those observed at sites in Asia such as Lhasa in China (Gong et al., 2011) and Sihwa in Korea (Park et al., 2011) . The PAH concentrations ranged between 18.1 and 453 ng/m 3 , indicating that both the PAH and TSP concentrations fluctuated over wide ranges during the sampling period. Although the total mass of 15 particle-bound PAHs constituted only a small fraction (0.08%) of the TSP composition, the monthly averages of the total PAH and TSP concentrations were positively correlated (r 2 = 0.63; p b 0.05).
Results and discussion
TSP and PAH concentrations
The high ambient PAH concentrations in the Kathmandu Valley pose serious health and environmental concerns. Previous studies on particulate chemical composition, including carbonaceous aerosols, ions/ metals, and PAHs, have suggested that the atmospheric composition in the Kathmandu Valley is considerably influenced by anthropogenic emissions from sources such as vehicles, industries, and biomass burning, and even the long-range transportation of pollutants from the Indian subcontinent (Kishida et al., 2009; Shakya et al., 2010; Tripathee et al., 2014) .
Seasonal variations of TSP and PAH concentrations
The TSP and total PAH concentrations demonstrated clear seasonal variation (Fig. 2) , with concentrations being high in the pre-monsoon season, gradually decreasing to minimum concentrations around the mid-monsoon season, and then increasing through the post-monsoon season to maximum concentrations in the early winter. Kishida et al. (2009) described a similar seasonal trend in particle phase PAHs (in PM 10 ). Various sources of suspended particles and PAHs exist in the Kathmandu Valley. Nepal experiences acute power shortages throughout the year, particularly during the winter and pre-monsoon season. Daily power cuts can last for 10-18 h. This has resulted in the using of nearly 250,000 small generators, mainly diesel powered, in the Kathmandu Valley alone, causing particulate matter and PAH emissions. Nearly 120 polluting brick kilns, operated from January to April every year, exist in the valley, and low-quality coal is mostly used in these kilns (Kishida et al., 2009; Central Bureau of Statistics, 2006) . Furthermore, approximately 700,000 vehicles are in the valley, constituting almost half of the total number of vehicles in the country. Garbage burning is another apparent and major source of air pollution. Biomass, such as wood, agricultural waste, and cattle dung, is burnt almost throughout the year mainly for cooking. A considerable amount of agro-residue is also burned in northern India and southern Nepal (Ram and Sarin, 2010) . These activities emit high quantities of PAHs and other air pollutants (Sinha et al., 2014) . Furthermore, forest fires increase considerably in the pre-monsoon season in the region (Vadrevu et al., 2012) . In addition, the westerly winds during the winter and pre-monsoon seasons create relatively dry and cold conditions. The unique weather conditions of the region (long dry season extending from November to May), combined with its geophysical features create an environment conducive to the accumulation of air pollutants outside the monsoon season, often leading to the formation of air pollutant plumes on a regional scale, called atmospheric brown clouds; this results in high pollutant concentrations on the southern side of the Himalayas (Ram et al., 2012; Rengarajan et al., 2007) . Furthermore, the ambient temperature considerably affects the gas-particle partitioning of PAHs (Sitaras et al., 2004; Tham et al., 2008) . Usually, high temperatures enhance the evaporation of particle phase PAHs to gas phases, whereas low temperatures strengthen the condensation of gas phase PAHs onto atmospheric particles, leading to higher concentrations of particle-phase PAHs in the winter and lower concentrations in the summer. The K OA -based absorption model was applied to estimate the gas-particle partitioning of PAHs. The result shows that the gas phase concentrations of low molecular weight PAHs (Ace, Aecl, Ant, Flu, and Phe) revealed clear seasonal variation with approximately 1 times higher concentrations in the monsoon and post-monsoon seasons than those in winter and pre-monsoon season, while other PAH species were almost in the same order all the year around. This means that the temperature was an important factor which could lead to the seasonal variation of PAH concentrations. However, the difference for particle phase PAHs among these four seasons could be as large as 4 times, suggesting that the shift in gas-particle partitioning was not the prime reason. Thus, we believe that the observed seasonality was mainly caused by change of emission sources. Other factors, including diminished atmospheric dispersion caused by lower atmospheric mixing levels and decreased photochemical oxidation in winter, may also contribute to high wintertime PAH concentrations ( Table 2 ). The increase in TSP and PAH concentrations in the post-monsoon season is attributable to the rise in agro-residue burning in the regions surrounding the Kathmandu Valley; moreover, that in the winter and pre-monsoon seasons is due to emissions from additional sources such as brick kilns, increased use of biomass for cooking and heating when the temperature drops to approximately 0°C in winter months, and high consumption of diesel and petrol in the small but numerous generators across the Kathmandu Valley. By contrast, high rainfall during the monsoon season (almost 80% of the total annual precipitation) washes suspended particles and PAHs from the atmosphere and increased temperatures raises the evaporation of particle phase PAHs. Thus, the seasonal distribution of TSP and PAHs in the Kathmandu Valley is controlled by multiple factors: emissions, temperature, dispersion conditions, rainfall, and chemical mechanisms (Caricchia et al., 1999) .
PAH compositions
The mentioned 15 particle phase PAHs were classified into the following 4 groups according to the number of aromatic rings (Kaur et al., 2013) : 3-ring (Acel, Ace, Flu, Phe, and Ant), 4-ring (Fla, Pry, BaA, and Chr), 5-ring (BbF, BkF, BaP, and DahA), and 6-ring (IndP and BghiP) PAHs. Fig. SI-1 shows the relative proportions of individual PAHs among the total atmospheric PAHs in the Kathmandu Valley in the four seasons. Although certain differences in the distribution patterns of the PAHs were noticeable at various sampling periods, the 4-, 5-, and 6-ring PAHs (92.3-93.3%) constituted the predominant proportion of the PAHs in each season. This result is consistent with those of a previous report on Kathmandu (Kishida et al., 2009) .
The 4-ring PAHs constituted a relatively high proportion of the total PAHs in the post-monsoon (41.0%) and winter (33.8%) seasons, and accounted for 25.2% and 22.0% of the total PAHs in the pre-monsoon and monsoon seasons. Accordingly, the proportion of the 3-ring PAHs slightly decreased to 4.59% and 5.65% in the post-monsoon and winter seasons (Table SI-2). As mentioned above, temperature exerts a major influence on the gas-particle partitioning of PAHs. Thus, the seasonal variation of the 3-and 4-ring PAHs may be related to the temperature fluctuation.
Identification of PAH sources
Because different combustion types emit different mixtures of PAHs, some PAHs can be used as indicators of burning history or potential source of emissions. Parent PAH ratios are frequently used to identify the origin of PAHs (Rajput et al., 2014; Yunker et al., 2002) . In general, various ratios are used simultaneously to cross-check the results and reduce uncertainties. In the present study, the concentration ratios IndP / (IndP + BghiP), Fla / (Fla + Pyr), BaA / (BaA + Chr) and BghiP/BaP of the particle phase PAHs were used as indicators for investigating emission sources, and Table SI-3 shows the results. The IndP / (IndP + BghiP) values were higher than 0.5 in all seasons, indicating a strong contribution from coal and biomass combustion. The mean Fla / (Fla + Pyr) values for the pre-monsoon, monsoon, post-monsoon, and winter seasons were 0.48, 0.46, 0.47, and 0.50, respectively. The values were similar to those recorded for particles from rice and wheat residue burning. The BaA / (BaA + Chr) values for all seasons varied from 0.37 to 0.49 with an average value of 0.45, indicating that the PAHs were possibly of pyrolytic origin. The BaP/BghiP value was higher than 1.2 and lower than 2.2, implying that diesel was the main source. All ratios were fairly constant among the seasons, and this is attributable to the natural variability in environmental conditions. The presented ratios suggest that both fossil fuel burning and biomass fuel burning are major sources of atmospheric PAHs in Kathmandu. Previous studies on OC/EC ratios and δ
13
C values of aerosols in Kathmandu have also indicated that local vehicular emissions were a major source of pollutants (Shakya et al., 2010) . In addition, PM 10 emissions from vehicular activities and industrial sources in Kathmandu constituted approximately 62% and 17% of the total PM 10 emissions, respectively (ICIMOD, 2007) .
TEQ of PAHs
The TEQ values during the sampling period varied from 2.74 to 81.5 ng TEQ/m 3 , with an average of 26.2 ng TEQ/m 3 , which is considerably higher than the national standard of China (10 ng TEQ/m 3 ; MEPC, 1996) and the World Health Organization guideline (1 ng TEQ/m 3 ).
The peak TEQ values occurring in the winter and post-monsoon seasons were 7.29 and 8.98 times higher than that in the monsoon season (4.51 ng TEQ/m 3 ) ( Table 3 ). The reason for this low value is that the frequent monsoon rains removed most of the suspended particles from the air. Table 3 shows a comparison of the derived TEQ values with those observed in previous studies. Although the level in the monsoon season was slightly lower, the average annual TEQ values were markedly higher than those of cities in India (Masih et al., 2010; Cheng et al., 2013) and China (Zhu et al., 2014; Zhou et al., 2005) , indicating that the carcinogenic risk of atmospheric PAHs in Kathmandu is extremely high. Furthermore, PAHs are present in the atmosphere in both particle and gas phases. A previous study reported that particle phase PAHs constituted nearly 33% of the total PAHs in the atmosphere of Kathmandu (Kishida et al., 2009) . Therefore, if the gas phase PAHs were considered, the TEQ of the total PAHs in Kathmandu may be higher. This accentuates the necessity for more detailed surveys of PAH pollution.
Conclusion
In this study, the TSP (199 ± 124 μg/m 3 ) and PAH (155 ± 130 ng/m 3 ) concentrations observed in Kathmandu were relatively high compared with those measured in other parts of Asia. Clear seasonal variations in PAH concentrations were observed, with maximum and minimum concentrations occurring in the winter and monsoon seasons, respectively. The high PAH concentrations in the non-monsoon season are attributable to increased fuel consumption coupled with meteorological conditions such as an atmospherically stable layer and low temperature. Moreover, the low PAH concentrations in the monsoon season are attributable to heavy precipitation and high temperature. The emission sources of atmospheric PAHs were estimated using diagnostic molecular ratios. The results revealed that atmospheric PAHs in Kathmandu originated mainly from the combustion of fossil fuels (including vehicle engine exhausts and coal combustion) and biomass fuels. The average TEQ of PAHs was 26.2 ng TEQ/m 3 , indicating that the effect of PAHs on human health is substantial. In summary, Kathmandu experiences extremely high levels of air pollution because of urbanization. Therefore, additional detailed surveys of this phenomenon and its effects are required. (Rogge et al., 1993a, b; Simcik et al., 1999) Fig . SI-1 
